Introduction
============

The Hipposideridae, commonly known as the Old World leaf-nosed bats, are widespread and are distributed in tropical and subtropical areas of the Old World extending from western Africa, throughout Australasia, and marginally into the Palearctic ([@msu329-B45]; [@msu329-B8]). They consist of nine extant genera (see [table 1](#msu329-T1){ref-type="table"} for classification) and at least 82 species ([@msu329-B94]). The Rhinolophidae, commonly known as horseshoe bats, comprise 77 species encompassed in a single genus, *Rhinolophus* ([@msu329-B94]). Rhinolophidae are found in diverse habitats throughout the temperate and tropical regions of the Old World ([@msu329-B65]). Hipposideridae and their sister taxon, the Rhinolophidae, are of exceptional scientific interest, having arguably the most sophisticated echolocation system ([@msu329-B40]) and are considered as the reservoir host species for the emergent severe acute respiratory syndrome (SARS) -like coronaviruses ([@msu329-B51]; [@msu329-B21]; [@msu329-B3]; [@msu329-B2]).

###### 

List of Taxa and Taxonomic Levels Used in This Analysis---Following [@msu329-B94] Unless Otherwise Stated.

  Suborder                Superfamily        Family           Subtribe                                                Genus                                                     Species
  ----------------------- ------------------ ---------------- ------------------------------------------------------- --------------------------------------------------------- ------------------------------------------------------
  Yangochiroptera^a^      Vespertilionidae                    *Myotis*                                                *myotis*                                                  
                                             Mormoopidae                                                              *Pteronotus*                                              *parnelli*
  Yinpterochiroptera^a^   Pteropodidae                        *Cynopterus*                                            *brachyotis*                                              
                                                                                                                      *Nyctimene*                                               *albiventer*
                                                                                                                      *Rousettus*                                               *lanosus*
                          Rhinolophoidea     Rhinopomatidae                                                           *Rhinopoma* [^b^](#msu329-TF2){ref-type="table-fn"}       *hardwickii*
                                                                                                                                                                                *microphyllum*
                          Craseonycteridae                    *Craseonycteris*                                        *thonglongyai*                                            
                                             Megadermatidae                                                           *Megaderma*                                               *spasma*
                                                                                                                                                                                *lyra*
                                             Rhinolophidae                                                            *Rhinolophus*                                             *hipposideros*
                                                                                                                      *shameli*                                                 
                                                                                                                                                                                *pusillus*
                                                                                                                                                                                *creaghi*
                                                                                                                                                                                *euryale*
                                                                                                                                                                                *trifoliatus*
                                                                                                                                                                                *ferrumequinum*
                                                                                                                                                                                *sinicus*
                                                                                                                                                                                *luctus*
                                                                                                                                                                                *pearsoni*
                                             Hipposideridae                                                           *Anthops*                                                 *ornatus*
                                                                                                                      *Asellia*                                                 *tridens*
                                                                                                                      *Aselliscus*                                              *stoliczkanus*
                                                                                                                      *Coelops*                                                 *frithii*
                                                                                                                      *Hipposideros*                                            *armiger*
                                                                                                                                                                                *larvatus*
                                                                                                                                                                                *commersoni* [^c^](#msu329-TF3){ref-type="table-fn"}
                                                                                                                                                                                *vittatus*
                                                                                                                                                                                *jonesi*
                                                                                                                                                                                *galeritus*
                                                                                                                                                                                *caffer*
                                                                                                                                                                                *pomona*
                                                                                                                                                                                *halophyllus*
                                                                                                                                                                                *abae*
                                                              Rhinonycterina[^d^](#msu329-TF4){ref-type="table-fn"}   *Cloeotis*                                                *percivali*
                                                                                                                      *Rhinonicteris*                                           *aurantia*
                                                                                                                      *Paratriaenops* [^e^](#msu329-TF5){ref-type="table-fn"}   *furculus*
                                                                                                                                                                                *auritus*
                                                                                                                      *Triaenops*                                               *persicus*
                                                                                                                                                                                *menamena*

^a^Subordinal and superfamilial revisions made by [@msu329-B99].

^b^The recent revision of *Rhinopoma* spp. ([@msu329-B37]), which has seen this species as defined in [@msu329-B94] split into two species *Rhinopoma hardwickii* and *R*. *cystops*, as such this study uses the classification defined by this revision.

^c^ *Sensu lato* referring to *Hipposideros commersoni* specimens identified from mainland Africa, which may include species from the *commersoni* species group; see [@msu329-B94] and [@msu329-B106].

^d^The Subtribe Rhinonycterina first described by [@msu329-B28] and later expanded by [@msu329-B34] to include *Triaenops* and *Cloeotis*.

^e^Recent generic revisions made by [@msu329-B6], which spilt the genus *Triaenops* with displaced taxa positioned in *Paratriaenops*.

Taxonomic and Phylogenetic Conflict
-----------------------------------

The evolutionary history of the Hipposideridae remains a source of phylogenetic controversy stemming from conflict between morphological and molecular data ([fig. 1](#msu329-F1){ref-type="fig"}). The principal quantitative morphological phylogenies were conducted by [@msu329-B8] and [@msu329-B32], but the resulting trees are incongruent ([fig. 1](#msu329-F1){ref-type="fig"}*a* and *b*, respectively). Recently, a number of molecular phylogenies have emerged which typically sample only two or three Hipposideridae genera ([@msu329-B117]; [@msu329-B50]; [@msu329-B29]; [@msu329-B6]). Although subsequent studies have increased generic sampling, they are still too underrepresented taxonomically to significantly advance our knowledge of higher level relationships among hipposiderid bats ([@msu329-B23]; [@msu329-B63]) ([fig. 1](#msu329-F1){ref-type="fig"}*c* and *d*, respectively). The familial status of the Hipposideridae, the monophyly of its most speciose genus *Hipposideros,* and the biogeographical origin of the putative family and its closest relative, the Rhinolophidae ([@msu329-B94]), represent several areas of outstanding phylogenetic controversy. The distinctiveness of hipposiderid and rhinolophid bats was first recognized with the establishment of the subtribe Rhinonycterina ([@msu329-B28]), later elevated to subfamily by [@msu329-B57], and the subfamily Hipposiderinae ([@msu329-B25]). Classification of the Hipposideridae at the family level still remains unresolved with many authors preferring a subfamilial status within Rhinolophidae ([@msu329-B44], [@msu329-B45]; [@msu329-B57]; [@msu329-B93]; [@msu329-B95]; [@msu329-B110]), whereas others support a full familial classification ([@msu329-B71]; [@msu329-B8]; [@msu329-B32]; [@msu329-B94]; [@msu329-B63]). A recent revision of the hipposiderid genus *Triaenops* resulted in a separation between *Triaenops* and a new genus *Paratriaenops* ([@msu329-B6]). Another recent revision rendered the genus *Paracoelops* invalid because a re-examination of the holotype showed that it was misidentified originally and actually best assigned to *Hipposideros* ([@msu329-B113]) (see [table 1](#msu329-T1){ref-type="table"} for full classification).

![(*a*) Tree derived from Parsimony analysis of morphological discrete state data using Nelson-like consensus cladogram from [@msu329-B8]. (*b*) Consensus tree from Parsimony analysis of unordered morphological characters on 30 taxa common to this study described in (*a*) from [@msu329-B32]. (*c*) Single ML tree derived from PAUP\* analysis of intron supermatrix from Eick et al. (2005). (*d*) ML tree derived from PAUP\* analysis of *ND2* and *RAG1* from [@msu329-B63].](msu329f1p){#msu329-F1}

*Hipposideros* is the most speciose hipposiderid genus, accounting for 67 of the 82 recognized species ([@msu329-B94]), a number that is increasing due to the description of new cryptic species (e.g., [@msu329-B113]; [@msu329-B113]). However, the monophyly of this genus is questioned. Morphological studies, which include up to eight of the nine Hipposideridae genera, have suggested that *Hipposideros* is paraphyletic ([@msu329-B89]; [@msu329-B49]; [@msu329-B8]). However, a recent molecular phylogenetic study, which included four of the nine Hipposideridae genera, based on a single mitochondrial and nuclear genes supported the monophyly of the genus ([@msu329-B63]) ([fig. 1](#msu329-F1){ref-type="fig"}). *Rhinolophus* is the sole genus of the family Rhinolophidae and is composed of 77 recognized species falling into 12 species groups ([@msu329-B94]). The clade that is most basal within extant Rhinolophidae is still controversial. Previous phylogenetic reconstructions of the Rhinolophidae are characterized by poor resolution at deeper nodes suggesting a rapid radiation in this family ([@msu329-B30]). Based on a *Cyt b* tree, [@msu329-B30] recovered a basal clade containing the *Rhinolophus trifoliatus* and the *R*. *hipposideros* species groups. However, based on a combined data set of *Cyt b* and nuclear introns, [@msu329-B101] reported a single species, *R*. *pearsoni*, as the basal lineage with all other species (including *R. hipposideros*) forming two geographic clades, which are predominantly Oriental or Afrotropical. Nevertheless, [@msu329-B101] did not include members of the *R*. *trifoliatus* clade.

As discussed above, it is still uncertain whether both the sister groups Rhinolophidae and Hipposideridae warrant independent familial status. Previous estimates of the time of divergence of these two groups indicate that they diverged about 39--45 Ma ([@msu329-B23]; [@msu329-B111]; [@msu329-B60]), which is comparable to divergence time estimates obtained for other bat families ([@msu329-B108]). Their unstable family-level classification has also led to uncertainty concerning the biogeographical origin of these two groups. The early suggestions regarding the origin of the Hipposideridae, based on morphological data, favored either an African or an Asian origin ([@msu329-B43]; [@msu329-B90]). Neontological data, which supported family status for both groups, suggested that an Asian origin was most likely ([@msu329-B8]). [@msu329-B43] and [@msu329-B111] who regarded the Hipposideridae as a subfamily of the Rhinolophidae suggest an Asian origin for Rhinolophidae and by extension for the Hipposideridae. A re-evaluation of divergence time estimates using a resolved phylogeny for these groups based on broad taxonomic sampling is required to elucidate the familial or nonfamilial status of the Hipposideridae and will also enable better biogeographic inferences.

The biogeographic origin of the Rhinolophidae has been a controversial topic in recent years with several competing hypotheses emerging from diverse data types. Molecular data, based on *Cytb*, have placed the Rhinolophidae center of origin in Europe and suggest that from there, they expanded their geographical range into Asia and Africa ([@msu329-B30]). The exon and 3'-UTR-derived tree of [@msu329-B111] and the nuclear intron and *Cyt b*-derived tree of [@msu329-B101]) supported an Asian origin, which conflicts with the African origin proposed by [@msu329-B23] based on nuclear introns. To provide clarity in interpreting the biogeographic origin of the Hipposideridae and Rhinolophidae, it is essential to test these hypotheses using a resolved taxonomy at the family level and building phylogenies using diverse data types.

The genera *Rhinolophus* and *Hipposideros* are notable for their high species number and cryptic diversity ([@msu329-B42]; [@msu329-B112]; [@msu329-B97]; [@msu329-B105]; [@msu329-B114]; [@msu329-B115]). Rapid diversification in many groups of organisms are associated with macroevolutionary events typified by periods of global change over the course of geological time, such as extinctions, and also periods of global warming and cooling ([@msu329-B33]; [@msu329-B56]; [@msu329-B116]; [@msu329-B58]). In part, associated with their broad geographical distributions and diversity, *Rhinolophus* and *Hipposideros* represent good candidate taxa to investigate whether there is a common macroevolutionary factor underlying the high species numbers observed in these genera. Comparisons of the rate of diversification between these genera in combination with divergence time estimates can enrich our understanding of the evolution of these speciose genera.

Coevolution of SARS-Like Coronavirus
------------------------------------

Since the outbreak of SARS in 2003 in China, there has been a surge of interest in understanding the evolution and the emergence of this deadly coronavirus ([@msu329-B5]). Research arising from the outbreak has identified bats as a likely natural reservoir for several zoonotic viruses, including SARS-like coronavirus ([@msu329-B51]; [@msu329-B10]; [@msu329-B2]; [@msu329-B11]; [@msu329-B54]). Among bats, the Rhinolophidae are of particular interest because *R. sinicus*, *R*. *pusillus*, *R*. *macrotis,* and *R*. *ferrumequinum* were suspected to be directly implicated in the outbreak of SARS in China ([@msu329-B48]; [@msu329-B51]; [@msu329-B2]), and since then, a wider diversity of coronaviruses has been described from the Rhinolophidae ([@msu329-B51]; [@msu329-B79]; [@msu329-B118]; [@msu329-B15]; [@msu329-B21]; [@msu329-B80]; [@msu329-B120]). Recent research has provided evidence to support that Rhinolophidae are a likely natural reservoir of the SARS-CoV ([@msu329-B26]). *Betacoronaviruses-b*, from the SARS group, have also been found in the close relatives of the Rhinolophidae, *Hipposideros larvatus* ([@msu329-B3]). Hipposideridae are considered to be understudied in estimations of novel coronaviruses in wild animal populations ([@msu329-B3]). The emergence and subsequent deaths caused by coronaviruses-like SARS-CoV and more recently Middle East respiratory syndrome coronavirus (MERS-CoV) have brought into sharp focus the potential health risks arising from the emergence of novel coronaviruses and further highlight the importance of their efficient detection and monitoring.

There is a growing body of support to show that bats and viruses form host/virus associations ([@msu329-B16]; [@msu329-B21]; [@msu329-B102]; [@msu329-B3]; [@msu329-B20]; [@msu329-B2]). It has been demonstrated that host phylogeny is the primary factor that determines virus persistence and replicative ability in new hosts and perhaps most importantly that knowledge of host phylogeny can predict the source of new emerging diseases ([@msu329-B53]). Extrapolating from these phylogenetic associations represents a novel way in which coronavirus diversity can be more efficiently surveyed and assessed. Systematic surveillance for emerging coronaviruses should be orientated based on resolved phylogenies highlighting additional potential reservoir species. The successful detection of novel coronaviruses based on the limited studies conducted on Hipposideridae bats indicate that this family contains candidates in which to search for undescribed coronaviruses ([@msu329-B70]; [@msu329-B74]; [@msu329-B3]). However, one complicating factor is that the phylogenetic history and the taxonomy of the Hipposideridae remain unresolved. Therefore, deciphering these phylogenetic issues, as proposed, will be instrumental for detecting novel coronaviruses and for "systematically" guiding the surveillance of reservoir hosts to predict the emergence of novel pathogens.

Choice of Molecular Markers
---------------------------

Previous molecular phylogenies have mainly focused on the relationship between a limited number of Hipposideridae genera and have predominantly used mitochondrial data ([@msu329-B117]; [@msu329-B50]; [@msu329-B29]; [@msu329-B63]). The phylogeny of [@msu329-B23] focused on interfamilial relationships among bats and was constructed using slower evolving nuclear introns. Herein, we generated a data set comprising differentially evolving nuclear exons and introns to ascertain the familial status of the Hipposideridae and to elucidate the intergeneric phylogenetic relationships of the speciose and presumed rapidly diversifying genera *Rhinolophus* and *Hipposideros*. We hypothesize that slower evolving exons should provide resolution of deeper nodes, following their successful use in resolving phylogenies focusing on deep time scales at interordinal level in mammals ([@msu329-B58]) and interfamilial levels in bats ([@msu329-B110], [@msu329-B109], [@msu329-B111]; [@msu329-B60]; [@msu329-B46]) and that faster evolving introns should provide resolution of more recent nodes in a tree, following their widespread use in resolving intergeneric and species level relationships ([@msu329-B52]; [@msu329-B101]; [@msu329-B73]; [@msu329-B84]). In this study, we test the validity of these assumptions and the resolving power of exons and introns.

Objectives
----------

A combination of state-of-the-art phylogenetic methods, divergence time estimates, and biogeographical analyses were employed to elucidate the evolutionary history of the Hipposideridae and Rhinolophidae and to explore the reasons for any phylogenetic incongruence. A comparative diversification analysis focusing on *Rhinolophus* and *Hipposideros* was used to elucidate if the diversification patterns of these speciose lineages are similar through time. In particular, we explore potential impediments to phylogenetic resolution in our data by examining the effects of removing outlying data and compare the resolving abilities of exons and introns. Our phylogeny also addresses the following outstanding phylogenetic questions: 1) Do hipposiderid bats represent an independent family or a subfamily of the Rhinolophidae? 2) Is *Hipposideros* a monophyletic genus? 3) When did hipposiderid and rhinolophid bats diverge and where did they originate? 4) Which species or clade is the most basal lineage of the Rhinolophidae? Finally, we explore the use of our phylogeny for future systematic surveying for novel emergent coronaviruses and for the on-going conservation of these species.

Results
=======

Alignments and Outlier Detection
--------------------------------

Concatenation of 12 exons and 3'-UTR gene fragments resulted in 7,888 aligned positions for 39 taxa. Concatenation of seven intron gene fragments resulted in 2,532 aligned positions. These two data sets were then further combined resulting in an alignment of 10,420 positions. Of note, analysis of the alignment with Repeatmasker identified a 128-bp insertion in the intron *THY* as a class 1 retrotransposon, which was common to the genera *Triaenops*, *Cloeotis*, *Paratrianeops,* and *Rhinonicteris*. jModeltest indicated the most appropriate model of sequence evolution for each individual gene fragment using the Akaike Information Criterion (AIC; see [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Each data set, exons, introns, and exons+introns were analyzed with and without the outliers identified by the Phylo-MCOA analysis. Topologies of trees resulting from the exon+intron and exon+intron-outliers removed data sets were identical ([fig. 2](#msu329-F2){ref-type="fig"}). Following the removal of outlying data, minimal changes in posteriors were observed at seven nodes with a resulting average minimal posterior change of −0.00167. Furthermore, maximum observed changes across these seven nodes were also minor, with a maximum increase in posterior values of 0.02 and a maximum decrease of 0.03.

![Phylogram inferred from Bayesian Analysis in BEAST on the exon+intron-outliers removed data set, 10,420 bp comprising 12 nuclear exons and 7 nuclear introns, under a fully partitioned model. Nodal support for the exon+intron-outliers removed data set is summarized on the tree for all four analyses---RaxML, BEAST, MrBayes, and PhyloBayes. All numeric support values are shown as percentages and refer to each analysis in the order listed above. Black squares denote highly supported nodes all of which received support \>99 BSS or 0.99 PP across all four analyses. A "-" indicates that this relationship was not supported by the analysis. See Systematic Summary for full description of the newly elevated family Rhinonycteridae. Frontal views of nose leaves of representatives of the major clades are shown as follows: Rhinolophidae---*Rhinolophus pearsoni* and Hipposideridae---*Hipposideros* spp. (photo credit---Sébastien J. Puechmaille) and Rhinonycteridae---*Triaenops* (photo credit---Paul Webala).](msu329f2p){#msu329-F2}

Phylogenetic Analysis
---------------------

Each of the six data sets for phylogenetic analysis produced largely congruent topologies across all analyses. Differences between intron topology and both exon and exon+intron topologies are shown in [supplementary figure S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. [Supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, shows a detailed breakdown of bootstrap, and posterior probability supports for major clades in the tree for each of the six data sets across all four analyses (RAxML, BEAST, MrBayes, and PhyloBayes). These values arising from analysis of the exon+intron-outliers removed data set are summarized in [figure 2](#msu329-F2){ref-type="fig"}.

Higher Level Relationships
--------------------------

Higher level relationships were well resolved (see [supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, and [fig. 2](#msu329-F2){ref-type="fig"}). Results of phylogenetic analysis are shortened throughout as Bayesian analyses (BA); posterior probability (PP); and bootstrap support (BSS). At the subordinal level among the Yinpterochiroptera, the association between Pteropodidae and Rhinolophoidea bats was recovered with full support by all analyses except BEAST, which reported much lower support, 52--71 PP ([fig. 2](#msu329-F2){ref-type="fig"}). The superfamily grouping of Rhinolophoidea received full support for all analyses. Each analyses also found strong support, \>90/0.9--100/1 BSS/PP, for the associations between Craseonycteridae, Megadermatidae, and Rhinopomatidae. The sister taxa relationship between the Hipposideridae and Rhinolophidae was fully supported in all analyses.

Hipposideridae and Rhinonycterina
---------------------------------

Within the traditional grouping of Hipposideridae, there is a basal division of two strongly supported monophyletic groups. The subtribe Rhinonycterina (*sensu*[@msu329-B28]: 81) is supported by a long branch indicative of significant phylogenetic distance and received full support from all analyses. The other monophyletic clade is well supported (\>98 BSS/0.99PP) and contains all other Hipposideridae with *Asellia* basal in all analyses. The genus *Hipposideros* is paraphyletic in all analyses. *Hipposideros commersoni* and *H*. *vittatus* are distinct from the main species group *Hipposideros* and form a strongly supported clade with *Aselliscus* and *Coelops* ([fig. 2](#msu329-F2){ref-type="fig"}) based on analysis of the exon and exon+intron data sets; BA 0.98--1.0 PP, maximum likelihood (ML) 79--93 BSS ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In contrast to this topology, analysis of the intron data set consistently results in a poorly supported alternative topology in which the sister taxa *H*. *vittatus* and *H*. *commersoni* fall outside a clade containing the sister taxa *Aselliscus* and *Coelops*, as well as all other *Hipposideros* spp. approximately 70 BSS/0.7 PP. The remaining *Hipposideros* spp. form a monophyletic group with full support from all analyses.

The monophyletic grouping of the Rhinonycterina is further supported by a unique shared indel in the *THY* gene fragment. Relationships within this group are well supported. *Cloeotis* and *Triaenops* are sister taxa, ML 97--100 BSS, BA 1.0 PP. The association between the geographically disparate *Rhinonicteris*, *Cloeotis,* and *Triaenops* also receives strong support from all analyses, ML 98--100 BSS, BA 1.0 PP. Given this group's distinctiveness, we propose to elevate this subtribe to full familial status, see systematic survey below.

Systematic Summary
------------------

**Order Chiroptera Blumenbach (1799:58,74)** **.**

**Suborder Yinpterochiroptera Springer et al.** **(** [@msu329-B99] **:** **6243** **)** **.**

**Superfamily Rhinolophoidea J.E. Gray (** **1825** **:** **338** **)** **.**

**Family Rhinonycteridae J.E.** [@msu329-B28] **. Proc. Zool. Soc. Lond. 1866:81, new rank. Old World leaf-nosed bats.**

(=Rhinonycterina J.E. Gray [@msu329-B28]:81; including the Subfamily Rhinonycterinae J.E. Gray [@msu329-B28]:81; Tribe Rhinonycterini J.E. Gray [@msu329-B28]:81; Tribe Triaenopini Benda and Vallo [@msu329-B6]:33; Subtribe Rhinonycterina J.E. Gray [@msu329-B28]:81 (including \[fossil taxa with †\] *Rhinonicteris* J.E. Gray, 1847:16; *Cloeotis* Thomas 1901:28; *Triaenops* Dobson 1871:455; †*Brachipposideros* Sigé, [@msu329-B89]:83; †*Brevipalatus* Hand and Archer [@msu329-B31]:372; *Paratriaenops* Benda and Vallo [@msu329-B6]:31.)

### Type Genus---*Rhinonicteris* J.E. Gray, 1847

Type genus is *Rhinonicteris* J.E. Gray, 1847:16, which was included in J.E. Gray\'s ([@msu329-B28]:81) supra-generic grouping, the Rhinonycterina, which he called "leaf-nosed bats". Correct generic spelling was discussed by Simmons ([@msu329-B94]:378) and resolved by [@msu329-B4], see also Mahoney and Walton ([@msu329-B55]:127) (see derivato nominis section of the [supplementary information](#sup1){ref-type="supplementary-material"} for further discussion).

### Description and Diagnosis of the Family Rhinonycteridae

The soft part characters of the rhinarium (noseleaf) outlined here are derived largely from Gray (1845) and [@msu329-B34], with verification of specimens in The Natural History Museum, London (BMNH). The Family Rhinonycteridae, Old World leaf-nosed bats, as diagnosed here, possess the following combination of five principal features of the rhinarium observable in extant species (reference specimens include *Cleotis percivali* \[BMNH 56.550\], *Paratriaenops furculus* \[BMNH 78.185\], *Rhinonicteris aurantia* \[BMNH 57.10.24.10\], and *Triaenops persicus* \[BMNH 72.4372\]): 1) having a sella (strap-like projection) extending forward from the internarial region of the anterior portion of the rhinarium, which distinguishes them from their closest relatives in the Hipposideridae Lydekker, *in*[@msu329-B25]:657; 2) anterior rhinarium is deeply emarginate medianly, more so than in the Rhinolophidae (Gray, 1825:242) (see illustrations in [@msu329-B34] and [@msu329-B6]; cf. Csorba et al. 2003); 3) strongly cellularized (more so than members of the Hipposideridae) and multipocketed posterior rhinarium; 4) either with (*Cleotis*, *Paratriaenops,* and *Triaenops*) or without (*Rhinonicteris*) a trident-like projection oriented dorsally and originating from the caudal margin (these are structurally different from the three reduced projections in the genus *Asellia*); and 5) a compressed longitudinal process originating from the intermediate rhinarium between the nares and central cellular pocket. For further descriptions and illustrations, see the following: [@msu329-B28]; [@msu329-B19]; [@msu329-B34]; and [@msu329-B6]. The Rhinonycteridae are further distinguished from Hipposideridae by a 128-bp retrotransposon insertion in the *THY* gene fragment.

The Rhinonycteridae differ from the Nycteridae, Van der Hoeven, 1855:1028 and Megadermatidae, H. Allen, 1864:1 based on noseleaf structure (as described above; see descriptions of the latter in Tate \[[@msu329-B107], [@msu329-B109]\] and [@msu329-B45]) and by having ears that are separate, not enlarged and lacking a tragus. Like the Hipposideridae, members of the Rhinonycteridae differ from the Rhinolophidae, by having two pedal phalanges rather than three, and they lack a P~3~. Craniodental features of extinct and extant Rhinonycteridae show considerable variation, and the examination of relevant specimens and literature does not reveal characters that diagnose members of the Rhinonycteridae from all other rhinolophoids or from the members of the Hipposideridae; see Sigé et al. (1982) and [@msu329-B31] for combinations of features that distinguish fossil members of the Rhinonycteridae from members of the Hipposideridae; these differences are not necessarily unique to the Rhinonycteridae. Both the Rhinonycteridae and Hipposideridae differ in terms of their echolocation call structure from the Rhinolophidae, emitting typical pulse durations of around 15 ms or less in "search mode", compared with \>30 ms search mode calls produced by members of the Rhinolophidae.

Rhinolophidae
-------------

The Rhinolophidae form a fully supported monophyletic group but intrafamilial relationships are less well resolved than for the Hipposideridae (see [supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Generally, the analyses produced a topology that provided either no structure at the base of the crown group Rhinolophidae or a strict division between the African/European clade, comprising *R. hipposideros*, *R. ferrumequinum,* and *R. euryale* versus the Asian clade, comprising all other *Rhinolophus* spp. However, the African/European clade, when recovered, grouped together with relatively low support approximately 60 BSS/0.6 PP. For all analyses using the CAT model in PhyloBayes, a topology with no structure at the base of the crown group Rhinolophidae was supported. Uniquely, the intron data set with outliers included under a BEAST analysis provided an alternative topology in which *R. hipposideros* was the basal clade; however, this was poorly supported, 0.38 PP. The association of Asian taxa was supported across all BA 0.88--1.0 PP, whereas ML analyses provided variable support depending on the data set. The exon and exon+introns data sets strongly support the association of the Asian taxa, 98--100 BSS; however, less support for this association is found in the introns analyses 63--65 BSS.

*Anthops* Subtree
-----------------

The three intron-based subtree shows that *Anthops* falls within the monophyletic grouping of *Hipposideros* with full support from the BA ([fig. 3](#msu329-F3){ref-type="fig"}). However, the exact position of *Anthops* within *Hipposideros* is less certain with the grouping of *Anthops*, *H*. *jonesi*, *H*. *armiger,* and *H*. *larvatus* being poorly supported, 0.41 PP.

![Bayesian Tree derived from BEAST analysis of 1,223 bp comprising three nuclear introns---*STAT5A*, *PRKC1*, and *THY* under GTR+G substitution model, highlighting the position of *Anthops ornatus*.](msu329f3p){#msu329-F3}

Alternative Topology Tests
--------------------------

Alternative topology tests, Kishino--Hasegawa (KH), Shimodaira--Hasegawa (SH), approximately unbiased (AU), were carried out to test a number of competing hypotheses and alternative topologies arising from our data, results are summarized in [table 2](#msu329-T2){ref-type="table"}. The statistical tests were unable to differentiate between the phylogenetic hypothesis in which *H*. *vittatus* and *H*. *commersoni* fall outside a clade containing the sister taxa *Aselliscus* and *Coelops* and all other *Hipposideros* spp. (KH *P* = 0.104, SH *P* = 0.104, and AU *P* = 0.89) and the hypothesis in which *H*. *commersoni* and *H*. *vittatus* are sister taxa to *Aselliscus stoliczkanus* and *Coelops frithii* (KH *P* = 0.896, SH *P* = 0.896, and AU *P* = 0.911). The paraphyly of *Hipposideros* is strongly supported by our phylogenetic analyses; statistical tests also rejected the alternative hypothesis in which *Hipposideros* is monophyletic (KH *P =*0.037, SH *P* = 0.037, and AU *P* = 0.018). Four alternative topologies of Rhinolophidae arising from our data were tested. Topology tests could not reject the hypothesis in which *R. hipposideros* was basal (KH *P* = 0.363, SH *P* = 0.784, and AU *P* = 0.37). The topology in which the *R*. *trifoliatus* and *R*. *luctus* was the basal clade was rejected by the AU (*P* = 0.022) and KH (*P* = 0.047) tests, but the SH test (*P* = 0.268) was unable to reject this hypothesis. The topology in which *R*. *pearsoni* is basal was also rejected (KH *P* = 0.000, SH *P* = 0.000, and AU *P* = 0.00). The topology arising from the consensus tree, which supports a basal division between European/African versus Asian clades, could not be rejected in favor of any other topology tested (KH *P* = 0.637, SH *P* = 0.911, and AU *P* = 0.765).

###### 

*P* Values Resulting from Statistical Comparison of Alternative Phylogenetic Hypotheses Using Topology Tests in Tree Puzzle and Consel.

  Tree                                                                                                              Tree puzzle   Consel                                                                                                                                                                                          
  ----------------------------------------------------------------------------------------------------------------- ------------- ----------------------------------------------- ----------------------------------------------- ----------------------------------------------- ----------------------------------------------- -----------------------------------------------
  Exon vs. intron topology---position of *Hipposideros commersoni*, *H. vittatus*                                                                                                                                                                                                                                                 
      Exon topology (*H. commersoni*, *H. vittatus*) (*Aselliscus stoliczkanus*, *Coelops frithii*)                 −60,264.89    0.911                                           0.896                                           0.896                                           0.896                                           0.896
      Intron Topology (*H. commersoni, H. vittatus*) (*As. stoliczkanus*, *C. frithii*)                             −602,745.00   0.89                                            0.104                                           0.104                                           0.104                                           0.104
  *Hipposideros---*monophyletic vs. paraphyletic                                                                                                                                                                                                                                                                                  
      Paraphyletic                                                                                                  −60,264.89    0.982                                           0.963                                           0.963                                           0.963                                           0.963
      Monophyletic                                                                                                  −60,277.81    0.018[\*](#msu329-TF6){ref-type="table-fn"}     0.037[\*](#msu329-TF6){ref-type="table-fn"}     0.037[\*](#msu329-TF6){ref-type="table-fn"}     0.037[\*](#msu329-TF6){ref-type="table-fn"}     0.037[\*](#msu329-TF6){ref-type="table-fn"}
  Rhinolophidae---basal clade                                                                                                                                                                                                                                                                                                     
      *Rhinolophus hipposideros* basal (arising from BEAST analysis of introns---cf. table S1)                      −60,265.26    0.37                                            0.363                                           0.784                                           0.363                                           0.714
      *R. trifoliatus* and *R. luctus* basal ([@msu329-B30])                                                        −60,282.96    0.022[\*](#msu329-TF6){ref-type="table-fn"}     0.047[\*](#msu329-TF6){ref-type="table-fn"}     0.268                                           0.047[\*](#msu329-TF6){ref-type="table-fn"}     0.083
      *R. pearsoni* basal ([@msu329-B101])                                                                          −60,381.35    \<0.001[\*](#msu329-TF6){ref-type="table-fn"}   \<0.001[\*](#msu329-TF6){ref-type="table-fn"}   \<0.001[\*](#msu329-TF6){ref-type="table-fn"}   \<0.001[\*](#msu329-TF6){ref-type="table-fn"}   \<0.001[\*](#msu329-TF6){ref-type="table-fn"}
      Basal division of European/African vs. Asian clades (consensus tree---[fig. 2](#msu329-F2){ref-type="fig"})   −60,264.89    0.765                                           0.637                                           0.911                                           0.637                                           0.939

\*Significant.

Divergence Time Estimates and Biogeography
------------------------------------------

Results from the divergence time estimates indicate that Rhinolophoidea and Pteropodidae diverged approximately 59 Ma ([fig. 4](#msu329-F4){ref-type="fig"}). The Rhinolophidae and Hipposideridae diverged in Africa from their common ancestor approximately 42 Ma during the Eocene. The family Rhinonycteridae separated from the rest of the Hipposideridae approximately 39 Ma, also in Africa. The monophyletic *Hipposideros* clade diverged from other Hipposideridae approximately 31 Ma during the Oligocene in Africa. The monophyletic crown groups *Hipposideros* and *Rhinolophus* diversified during the Miocene at approximately 15 Ma and approximately 17 Ma, respectively. There was no difference in dating estimates when using the different stratigraphic dating sources. The biogeographic analysis reveals distinct geographical origins for two of the three of the Rhinolophidae clades; the clade comprising *R*. *trifoliatus* and *R*. *luctus* diverged in Eastern/South Eastern Asia, and the clade formed by *R*. *pearsoni*, *R*. *sinicus*, *R*. *creaghi*, *R*. *shameli,* and *R*. *pusillus* diverged in East Asia. The geographical origin of the clade containing *R*. *hipposideros*, *R*. *ferrumequinum,* and *R*. *euryale* is less clear with the analysis returning a combination of widespread geographical areas including Europe, East Asia, Middle East, and Africa. The analysis was repeated removing South America to investigate whether this disparate area represented an outlier in our data. No significant changes were observed in the clades of interest, with the reconstruction after the removal of South America shown on the right; namely: The divergence of Rhinolophidae and Hipposideridae (H, H), the divergence of Hipposideridae and Rhinonycteridae (H, H), the crown group Rhinolophidae (ACEH, AFEH), the crown group Hipposideridae (H, H), and the crown group Rhinonycteridae (H, DH).

![Molecular time scale resulting from MCMCTREE analysis in PAML using the BEAST topology shown in [figure 2](#msu329-F2){ref-type="fig"}, four fossil calibrations (as described in Materials and Methods using stratigraphic bounding), and a root prior of 64--65 Ma. Numbers at nodes are divergence time estimates in millions of years and the 95% confidence interval for each estimate is denoted by a blue shaded bar. Biogeographic reconstructions resulting from ML analysis in Lagrange under the same topology are shown as letters at each node. Areas are coded as follows: A---Europe, B---South America, C---South East Asia, D---India, E---Middle East, F---East Asia, G---Australia, and H---Africa.](msu329f4p){#msu329-F4}

Diversification Analysis
------------------------

Concatenation of the four data sets for diversification analysis resulted in the following alignments: *Hipposideros Cyt b*---980 bp comprising 87 sequences; *Rhinolophus Cyt b*---1,140 bp comprising 58 sequences; *Hipposideros Cox1*---658 bp comprising 50 sequences; and *Rhinolophus Cox1*---658 bp comprising 51 sequences, where all sequences are representative of putative species. The resulting BEAST trees were used to generate and compare lineage-through-time (LTT) plots ([fig. 5](#msu329-F5){ref-type="fig"}). Comparison of the rates of diversification for each gene using the Kolmogorov--Smirnov (K-S) test revealed no significant differences between *Rhinolophus* spp. and *Hipposideros* spp. (*Cyt b*, *D* = 0.1159, *P* = 0.733; *Cox1*, *D* = 0.919, *P* = 0.985). Rates of diversification obtained from *Cyt b* and *Cox1* were not significantly different (K-S test; *D* = 0.101, *P* = 0.908 for *Hipposideros*; *D* = 0.114, *P* = 0.869 for *Rhinolophus*).

![LTT plot showing the diversification rate of the genera *Rhinolophus* and *Hipposideros* for *Cyt b* and *Cox1*, where time is represented by arbitrary values with 0.0 representing the present.](msu329f5p){#msu329-F5}

Performance Evaluation: Differential Resolving Power of Intron and Exon Data?
-----------------------------------------------------------------------------

For the ten jack-knifed exons subsets (intron or exon topology), node height was a significant predictor of posterior (GLM, all *P* \< 0.05) with higher nodes (i.e., older nodes) being associated with lower posteriors ([fig. 6](#msu329-F6){ref-type="fig"}). In contrast, for the intron data set for either the intron or the exon topology, node height was not a significant predictor of posterior (GLM, *P* = 0.42 and 0.72, respectively). Average posteriors of the ten exon subsets with jack-knifed sites were significantly lower than intron posteriors for the 33 nodes that were congruent between intron and exons topologies (exon PP = 0.90, intron PP = 0.97; asymptotic Wilcoxon Mann--Whitney rank sum test, *P* = 0.036). Results were similar when gene fragments were jack-knifed (see [supplementary fig S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) (exon PP = 0.86, intron PP = 0.95; asymptotic Wilcoxon Mann--Whitney rank sum test, *P* = 0.028).

![Showing the relative difference in nodal support between intron and jack-knifed exon data sets of equal size, where colored dots indicate the proportion by which nodes are better resolved by either intron (red) or exon (green) data for (*a*) intron topology and (*b*) the exon topology. Species names are as in [figure 2](#msu329-F2){ref-type="fig"}.](msu329f6p){#msu329-F6}

Discussion
==========

Performance Evaluation: Removal of Outliers and Differential Resolving Power of Introns and Exons?
--------------------------------------------------------------------------------------------------

Our results show that removal of outlying data had no effect on the overall tree topology and had a very minimal effect on posterior probabilities with a minor average posterior change of − 0.00167. Minor decreases (maximum decrease 0.03) in PP occurred at three nodes. It would be expected that phylogenetic trees that contain both old and young divergences would be best resolved by a combination of exon and intron data. In theory, exon data, which are slower evolving, should be best suited to resolve deep nodes in a tree and faster evolving intron data should better resolve young nodes. In contrast to these expectations, our analyses show there is no significant difference in the relationship between node height and posteriors for intron data ([fig. 6](#msu329-F6){ref-type="fig"}), yet exons showed poorer support for most of the oldest nodes in our phylogeny.

When omitting incongruent nodes, introns systematically outperform exons in terms of nodal support. This cannot be explained by differences in fragment length as our comparisons were carried out on data sets of similar length with both jack-knifed sites and gene fragments. Rather, in line with previous studies ([@msu329-B12]), we argue that for an equal fragment size and the time frame investigated (∼60 Ma), introns carry more phylogenetic signal than exons and are less prone to gene tree conflicts ([@msu329-B81]). Because of their faster substitution rate, introns evolve more quickly than exons and, hence, can provide more phylogenetic information. However, because they evolve faster, introns should also saturate faster but in a time frame of approximately 60 Ma, as investigated by [@msu329-B12], saturation of the phylogenetic signal was not an issue for introns. This may stem from the alignment process, whereby highly variable and divergent intronic sites are removed from analyses given the difficulty in ascertaining homology for these positions. Throughout plants, invertebrates, and vertebrates, it has been shown that introns tend to have a lower GC content than exons ([@msu329-B1]). This conserved characteristic of genome evolution has important consequences for accurate phylogenetic reconstructions as it has been shown that regions of the genome, which are GC rich have a higher amount of gene tree conflict and have greater difficulties in reconstructing well-supported consensus nodes in the placental mammal tree ([@msu329-B81]). This is particularly important in the context of future phylogenomic studies as to date phylogenomic tree reconstructions have typically used only coding regions ([@msu329-B68]; [@msu329-B87]; [@msu329-B121]). A recent study, particularly focused on echolocating mammals, revealed that many coding gene sequences show signs of convergent evolution and, hence, provide phylogenetic signals that are incongruent with the true species tree ([@msu329-B68]). Although this remains to be tested, we predict that introns should be less prone to convergent evolution and should therefore provide better data to resolve species trees, especially when aligned optimally. The incongruence in tree topology observed between analysis of intron and exon data in our study highlights the importance of using a combination of markers in phylogenetic studies.

Phylogenetic Questions
----------------------

For the first time, based on complete taxonomic sampling at the generic level and with diverse data types, the outstanding phylogenetic controversies surrounding the hipposiderid bats have been resolved. Although topological differences are observed in analyses of the intron data sets, these differences do not affect our interpretation of higher level relationships among these bat lineages.

### Taxonomic Clarification and Revision at the Family Level

Our analyses indicate that the Hipposideridae should be recognized as a distinct family. The Hipposideridae are further divided into two well-supported monophyletic clades. On the basis of phylogenetic analysis, divergence time estimates, immunological transferrin data ([@msu329-B71]), previous morphological comparisons ([@msu329-B34]), and a 128-bp endogenous retroviral insertion unique to the clade containing *Paratriaenops*, *Triaenops*, *Cloeotis,* and *Rhinonicteris*, we show that these genera are also sufficiently distinct to merit independent familial status, Rhinonycteridae (see systematic summary and [supplementary information](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, for taxonomic information). The phylogenetic analysis revealed strong support for the monophyly of these two families (Hipposideridae and Rhinonycteridae) across all data types and analyses performed. Our divergence time estimates show that the Rhinolophidae, Hipposideridae, and Rhinonycteridae last shared a common ancestor approximately 42 Ma, followed by the divergence of the Hipposideridae and Rhinonycteridae approximately 39 Ma. These divergence time estimates are comparable to those obtained for other established bat families in previous analyses (see [@msu329-B108]).

### Rhinonycteridae

The original description of Rhinonycterina was recognized by later studies and was expanded to include *Triaenops* and *Cloeotis* as these taxa fitted the original description for the Rhinonycterina based primarily on noseleaf morphology ([@msu329-B34]). The association of these genera is also supported by our molecular data, which show that *Triaenops* and *Cloeotis* are sister taxa ([fig. 2](#msu329-F2){ref-type="fig"}) and, furthermore, form a monophyletic group with *Rhinonicteris*. The data also support the recent separation of *Triaenops* and *Paratriaenops* but do not support the monophyly of the recently erected Tribe Triaenopini ([@msu329-B6]). Strong support was found for *Paratriaenops* as the basal clade of the extant crown group rhinonycterids ([fig. 2](#msu329-F2){ref-type="fig"}).

### Hipposideridae

The familial delimitation of Rhinonycteridae and Hipposideridae results in *Asellia* being basal to all other Hipposideridae. This clade received strong bootstrap and PP support across all analyses (see [supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). This is contrary to a previous study, which, based on morphological data, places *Aselliscus* basal ([@msu329-B32]), despite the inclusion of *Asellia* in their data set. The genus *Aselliscus* contains two species, and its placement in the Hipposideridae phylogeny has been controversial. [@msu329-B71] concluded that *Aselliscus* was not a member of Hipposideridae and was more closely aligned with the Rhinolophidae, based on immunological transferrin distance data. Morphological data place this genus among other *Hipposideros* spp. ([@msu329-B8]; [@msu329-B32]). These morphological results are in agreement with molecular data, which found strong support for a sister taxa relationship between *Aselliscus* and *Coelops* ([@msu329-B50]). Previously, *Coelops* has been grouped in a separate tribe Coelopini Tate (1941:11) (sensu; [@msu329-B57] = Coelopinae Tate \[1941:11\]), which comprised *Coelops* and *Paracoelops,* the latter no longer recognized as a valid genus ([@msu329-B113]). Our findings provide strong support for the sister taxa relationship between *Aselliscus* and *Coelops* recovered by [@msu329-B50].

### Does *Hipposideros* Form a Monophyletic Group?

Our data do not support the genus *Hipposideros* as a natural monophyletic group. Statistical tests reject the monophyly of *Hipposideros* ([table 2](#msu329-T2){ref-type="table"}). Monophyly is also rejected by morphological data ([@msu329-B89]; [@msu329-B49]; [@msu329-B8]). Extreme karyological conservatism is reported in the genus *Hipposideros* with all members investigated so far having a 2*n* complement of 32; however, *H. commersoni sensu lato* ([table 1](#msu329-T1){ref-type="table"}) based on a distributional context of where the material was obtained ([@msu329-B61]) has a 2*n* complement of 52 ([@msu329-B8]). To date, no karyological data exist for *H. commersoni sensu stricto* (referring specifically to specimens identified from the type locality, Madagascar). Support for the association of *H*. *commersoni* and *H*. *vittatus* as sister taxa to *Aselliscus* and *Coelops* is derived from the exons and exons+introns data set. An alternative topology, arising from the intron data sets, where *H. commersoni* and *H*. *vittatus* fall outside a clade containing the sister taxa *Aselliscus* and *Coelops* and all other *Hipposideros* spp. was poorly supported, but statistical tests were unable to reject this topology ([table 2](#msu329-T2){ref-type="table"}). The monophyly of the remaining *Hipposideros* spp. was strongly supported by all analyses. Relationships within this genus are poorly resolved and short branches illustrate the rapid diversification of the crown group.

The BEAST analysis of three nuclear introns indicated that *Anthops* falls within the monophyletic group of *Hipposideros* spp. ([fig. 3](#msu329-F3){ref-type="fig"}). The previous study involving this genus showed that it formed a sister taxa relationship with *H. caffer* to which *H. commersoni sensu lato* was basal ([@msu329-B23]). As our study included more species of true *Hipposideros*, it was hoped that the position of *Anthops* within this group could be resolved as it has implications for the taxonomic classification of the genus. Our data show that *Anthops* forms a poorly supported group with *H*. *jonesi*, *H*. *armiger,* and *H*. *larvatus*. The strong support for the monophyly of this clade indicates that *Anthops* most likely represents an incorrectly classified member of the genus *Hipposideros*. However, as this is based on a small data set and only received poor support, this result is not yet conclusive. Therefore, we cannot rule out the possibility that *Anthops* is a distinct genus basal to *Hipposideros*.

### Which Species or Clade Is the Most Basal in the Rhinolophidae?

To differentiate between the competing phylogenetic hypotheses, our data included taxa recovered by previous studies as basal clades in Rhinolophidae. [@msu329-B30] recovered a sister taxa relationship between *R. trifoliatus* and *R. hipposideros* containing clades as the basal clade based on an analysis of *Cyt b*. [@msu329-B101] proposed a basal position for *R. pearsoni* based on *Cyt b* and intron data, though they did not include *R. trifoliatus* in their data set. Phylogenetic analysis of our data provided two further alternative topologies---a basal division between Asian and African/European clades and an alternative in which *R*. *hipposideros* is basal ([table 2](#msu329-T2){ref-type="table"}). Statistical tests rejected the hypothesis in which *R. pearsoni* is basal; however, only the AU and KH tests rejected the hypothesis in which a clade containing *R. trifoliatus* and *R. luctus* was basal, and the SH test was unable to reject this hypothesis most likely due to the conservative nature of this test ([@msu329-B103]) ([table 2](#msu329-T2){ref-type="table"}). The [@msu329-B101] phylogeny showed that, with the exception of the basal taxa *R. pearsoni*, two distinct clades are present in this family, one of African and one of Asian origin. To a certain extent, this biogeographic dichotomy is supported by our phylogeny. The Asian species grouped together with strong support to the exclusion of the European/African taxa; however, statistical tests were unable to differentiate between this hypothesis and an alternative in which *R. hipposideros* is basal. As a result, the structure within this group remains uncertain likely owing to the rapid diversification of the Rhinolophidae ([@msu329-B30]) combined with a long branch leading to them. In future studies, increased taxonomic sampling and more markers will be necessary to resolve relationships within the Rhinolophidae.

### How Long Ago Did Hipposideridae, Rhinonycteridae, and Rhinolophidae Diverge, and Where Did They Originate?

The divergence times estimated by our molecular dating analysis were in-line with estimates previously established for the same groups ([@msu329-B23]; [@msu329-B111]; [@msu329-B60]; [@msu329-B108]; [@msu329-B101]; [@msu329-B2]). The Rhinolophidae are estimated to have diverged from the ancestor of the Rhinonycteridae and Hipposideridae approximately 42 Ma during the Eocene ([fig. 4](#msu329-F4){ref-type="fig"}). Rhinonycteridae and Hipposideridae diverged 39 Ma. The Lagrange biogeographic analysis indicated that the ancestors of these three families are of African origin ([fig. 4](#msu329-F4){ref-type="fig"}). An African origin for the Hipposideridae is in contrast to the Asian origin proposed by [@msu329-B111] and [@msu329-B8] and the Australian origin proposed by [@msu329-B32]. No previous biogeographic hypothesis exists as to the origin of the component taxa of what is recognized herein as the Rhinonycteridae, and our analysis show that these bats are of African origin. The distribution of the extant members of the Rhinonycteridae is unusual in that *Rhinonicteris* is endemic to Australia, whereas all other members of the family are distributed in and around Africa, including Madagascar. This unusual distribution is shared by Allodapine bees that exhibit a similar Africa/Australia split and are thought to have dispersed across the Indian Ocean by island hopping along the aerial formations of the Kergulen Plateau ([@msu329-B86]). However, a terrestrial continental dispersal route is better supported for Rhinonycteridae by the fossil record. The fossil taxon *Brachipposideros nooraleebus*, dating from the middle Miocene, is thought to be sister taxa to *Rhinonicteris* ([@msu329-B89]; [@msu329-B49]; [@msu329-B91]; [@msu329-B32]), based on this, *Brachipposideros* is thought to have dispersed into Australia 15--20 Ma, a time which correlates well with our estimated divergence time for *Rhinonicteris* ([@msu329-B91]). *Brachipposideros* has been found in Western Europe, Asia, North Africa, and Australia ([@msu329-B31]), which suggests a route from Africa into Europe then Asia before arriving in Australia.

Our data indicated that the family Rhinolophidae originated in Africa ([fig. 4](#msu329-F4){ref-type="fig"}), the same conclusion as reached by [@msu329-B23]. This is in contrast to the Asian origin reported by several other phylogenetic studies ([@msu329-B9]; [@msu329-B111]; [@msu329-B101]) and the recent finding of fossil Rhinolophidae dating from the middle Eocene in China ([@msu329-B77]). We did not find support for the European origin for this family as proposed by [@msu329-B30]. However, biogeographic reconstructions were not able to pinpoint the geographic origin of the *Rhinolophus* crown group.

Diversification Analysis
------------------------

The nuclear phylogeny ([fig. 2](#msu329-F2){ref-type="fig"}) revealed strong similarities in tree shape and branching pattern between the *Rhinolophus* and *Hipposideros* genera despite considerable phylogenetic distance between the two groups. Molecular clock analysis ([fig. 4](#msu329-F4){ref-type="fig"}) revealed that the divergence time estimates for these two genera are concurrent, occurring between 15 and 17 Ma. This indicated that these genera underwent a largely concurrent, rapid diversification during the Miocene, coinciding with the Mid-Miocene Climatic Optimum, which was a warm and humid period in Earth's history, which peaked roughly 15--18 Ma ([@msu329-B104]). This period may have represented optimal conditions for the evolution and rapid diversification of these lineages in response to more favorable climatic conditions. The analyses showed that the rate of diversification of *Rhinolophus* and *Hipposideros* is very similar for both molecular markers ([fig. 5](#msu329-F5){ref-type="fig"}). However, although *Cox1* and *Cyt b* support very similar rates of diversification, they are both fragments of the mitochondrial genome, and it is yet to be verified if these diversification rates would remain consistent across a wider diversity of nuclear markers.

Comments on Molecular Clock and Biogeographical Analysis Methods
----------------------------------------------------------------

It is important to recognize the limitations of the methods used herein for divergence time estimation and biogeographic analysis. Caution must be taken when interpreting results provided by divergence time estimates given that errors can be introduced through the use of fossil calibrations as fossils based on limited characters can be incorrectly classified ([@msu329-B67]), and stratigraphic layers can be assigned to incorrect geological times. This is particularly applicable to bats which have a poor and limited fossil record ([@msu329-B111]; [@msu329-B24]). Although the oldest fossil attributable to a lineage can provide a minimum age in a soft bound analysis, choosing a maximum bound is more difficult, here we use the stratigraphic bounding method of [@msu329-B58] to standardize the way in which maximum boundaries are chosen across the tree. Area coding is one of the key manners contributing to error in biogeographic reconstruction. [@msu329-B98] showed that including information regarding the provenance of the oldest fossil attributable to a clade produced very different results than only coding for the extant geographical distribution of a species. Including fossil taxa introduces error in the form of taphonomy and sampling bias. In particular, with regard to the fossil record of the Hipposideridae, the inclusion of fossil data to biogeographic analysis would introduce a European/Australian bias based on the majority of species ascribed to this group to date ([@msu329-B57]; [@msu329-B32]). To overcome the limitations inherent in the bat fossil record, we use only the distribution of extant taxa in our analysis. Furthermore, taxonomic sampling remains a problem inherent in biogeographic analyses. Our phylogeny comprises representatives from all Hipposideridae, Rhinolophidae, and Rhinonycteridae genera. Our taxonomic sampling of Rhinolophidae does not include any Sub-Saharan African representatives, and so this may hinder a definitive biogeographic analysis of this family. However, a recent study of *Emballonura* bats has shown that the basal clade of a group can drastically impact its biogeographical reconstruction ([@msu329-B83]). Although the basal clade of the Rhinolophidae remains unresolved, our reconstruction is the first to include all previously recovered basal candidates for this group as a strategy to minimize the impacts of partial taxonomic sampling of this group.

Implications of the Phylogeny
-----------------------------

By addressing the phylogenetic controversies and taxonomic uncertainties, our phylogeny has implications for the detection and surveillance of novel coronaviruses, as well as conservation strategies for these unique lineages. The recent emergence of the novel MERS-CoV ([@msu329-B7]) has highlighted the importance of detecting and monitoring animal reservoirs of potentially pathological novel coronaviruses. The intermediate phylogenetic position of a SARS-like CoV between Rhinolophidae and Hipposideridae derived from *Rhinonicteris* ([@msu329-B3]) is supported by the resolved phylogeny for these bats as its phylogenetic position reflects the underlying divergence of these three bat families. Although they have been underrepresented in previous studies---see table 2 in [@msu329-B3]---our phylogenetic results suggest that other members of the Rhinonycteridae may represent excellent survey candidates to expand knowledge of the diversity of coronaviruses, especially those related to the *Betacoronavirus*-b group, which includes the SARS-CoV. Given the similarity of diversification rates between *Rhinolophus* and *Hipposideros*, studies focused on detecting novel coronaviruses in *Hipposideros* could potentially mirror the diversity of coronaviruses detected so far in *Rhinolophus*. A comprehensive understanding of the diversity of coronaviruses is important for human health in that as the genetic diversity of zoonotic viruses increases so too does the possibilities of variants crossing species boundaries ([@msu329-B51]).

Our data show that it is necessary to revise the conservation management plan for these groups of bats. Hipposideridae, Rhinonycteridae, and Rhinolophidae are of considerable conservation concern with a number of species being listed as endangered and near threatened ([@msu329-B39]). This is mostly due to the increasing levels of human disturbance, which in turn reduces the number of available roost sites, as well as direct habitat destruction ([@msu329-B65]). A resolved phylogeny is a considerable aid to conservation as it informs management plans operating under the EDGE strategy which aims to conserve not only endangered species but also conserves phylogenetic diversity ([@msu329-B38]).

Conclusion
==========

To elucidate possible systematic bias obscuring the phylogenetic signals, we investigated the effects of removing outlying data on phylogenetic reconstruction and compared the relative resolving power of intron and exon data for our tree. We show that removal of outlying data had no effect on tree topology and only a minimal effect on posterior probabilities. Furthermore, our analyses show that intron data provides better nodal support for our tree than exon data sets of similar size. Phylogenetic analyses resulted in a well-resolved phylogeny, which settles, for the first time, the phylogenetic controversies surrounding the Hipposideridae. A combination of phylogenetic analyses and divergence time estimates support the elevation of Hipposideridae and Rhinonycteridae to family level. Biogeographic analysis revealed that the Rhinolophidae, Hipposideridae, and Rhinonycteridae originated in Africa. The largest genus of the Hipposideridae, *Hipposideros*, is paraphyletic, and our study shows that *Anthops ornatus* may represent a species of *Hipposideros*. Our resolved phylogeny provides the foundation essential for "systematic surveillance\" of emerging bat-based novel coronaviruses. Although they have been underrepresented in previous studies, our phylogenetic results suggest members of the Rhinonycteridae may represent excellent candidates in which to survey to expand our knowledge of the diversity of coronaviruses, especially those related to the *Betacoronavirus*-b group, which includes the SARS-CoV. In this way, our phylogeny provides guidance to better predict and manage these human-lethal zoonotic diseases. These analyses also highlight these three bat families as separate Evolutionary Significant Units, with their own morphological peculiarities, long phylogenetic history, and patterns of dispersal, warranting differential conservation management strategies in the future.

Materials and Methods
=====================

Taxon Sampling and Data Selection
---------------------------------

A total of 19 nuclear gene fragments were amplified for 39 taxa. Additional data for *A. ornatus* were downloaded from GenBank to bring the total number of taxa analyzed to 40. These nuclear gene fragments consisted of 12 exon fragments (*ADORA3, APP, ATP7A, BDNF, BUF134, PNOC, PLCB4, TTN3, TTN5, TTN6, TTN7,* and *RGF2*) and seven intron fragment (*ABHD11*, *ROGDI, ACOX2, BGN, THY, STAT5A,* and *PRKC1*) ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Of the 40 taxa analyzed, ten were outgroup taxa represented by two Yangochiroptera ([@msu329-B111]), represented by the families Vespertilionidae (*n* = 1) and Mormoopidae (*n* = 1), and four Yinpterochiroptera ([@msu329-B111]), including the families Megadermatidae (*n* = 2), Rhinopomatidae (*n* = 2), Craseonycteridae (*n* = 1), and Pteropodidae (*n* = 3) ([table 1](#msu329-T1){ref-type="table"}). The remaining 30 taxa are split between the rhinolophid (*n* = 10) and hipposiderid bats (*n* = 20). The ten *Rhinolophus* spp. were chosen with regard to previously published phylogenies to differentiate between competing topologies.

Our 20 hipposiderid taxa represent all nine of the currently recognized genera and include *Anthops* (*n* = 1), *Asellia* (*n* = 1), *Aselliscus* (*n* = 1), *Cloeotis* (*n* = 1), *Coelops* (*n* = 1), *Hipposideros* (*n* = 10), *Paratriaenops* (*n* = 2), *Rhinonicteris* (*n* = 1), and *Triaenops* (*n* = 2). As it was not possible to obtain DNA for *Anthops*, only three nuclear introns (*STA5A*, *THY,* and *PRKC1*) could be downloaded from GenBank. Hence, a phylogenetic reconstruction was specifically carried out only with these three introns to position *Anthops*.

To overcome potential systematic bias resulting from cryptic diversity, where possible, all sequences were generated from the same sample for each species or from the same species collected in the same geographical area as the original sample. All sequences newly generated are deposited into GenBank accession numbers (KP175738--KP176371) and concatenated with previously published data where possible ([supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In total, 40 species, including *A. ornatus*, from eight families were analyzed.

Tissue Sampling, DNA Extraction, and Amplification
--------------------------------------------------

Tissues used for genetic analyses were either from wing punches from released individuals or tissue samples from voucher specimens housed in different museum collections (see Genbank Accessions for further details). DNA was isolated using a modified salt/chloroform extraction protocol ([@msu329-B59]), which included an additional chloroform/isoamyl alcohol (24/1) step after the addition of the saturated NaCl solution ([@msu329-B73]). Nuclear gene fragments, comprising exon and intron sequences of varying length were amplified with primers listed in [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. Reactions were carried out in 25 μl solutions containing 2 μl of DNA extract, 1X polymerase chain reaction (PCR) buffer minus Mg (Invitrogen), 1.5 mM MgCl~2~, 0.4 μM each primer, 0.2 mM dNTPs, and 1 U Platinum *Taq* DNA Polymerase High Fidelity (Invitrogen). Amplifications were carried out in a DNA Engine DYAD thermocycler (MJ Research) with PCR programs: 1) Touchdown 50---initial step 10' at 95 °C, then ten cycles of 15" at 95 °C, 30" at 60 °C (with a reduction of 2 °C every 2 cycles), 1' at 72 °C, following by 30 cycles of 30" at 95 °C, 30" at 50 °C, and 1' at 72 °C and a final step of 5' at 72 °C and 2) touchdown 55---initial step 10' at 95 °C, then ten cycles of 15" at 95 °C, 30" at 65 °C (with a reduction of 2 °C every 2 cycles), 1' at 72 °C, following by 30 cycles of 30" at 95 °C, 30" at 55 °C, and 1' at 72 °C and a final step of 5' at 72 °C.

PCR products were purified using Exosap (USB) and sequenced in both directions by Macrogen (Europe) using the PCR primers listed in [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"}. Complementary sequences were assembled and edited for accuracy using CodonCode Aligner 3.7.1. (CodonCode Corporation, Dedham, MA).

Alignment Optimization
----------------------

Alignment optimization involves the removal of ambiguously aligned positions, which can occur partly as a result of insertion/deletion events, which have previously been shown to be phylogenetically informative ([@msu329-B62]). To compromise between alignment optimization and the loss of potentially phylogenetically informative sites through the removal of indels, single gene fragments were preliminarily aligned with MAFFT ([@msu329-B41]). The program Repeatmasker Open-3.0 ([@msu329-B96]) was used to screen for and annotate indels prior to their downstream removal as part of alignment optimization.

Single gene fragments were then re-aligned using the T-Coffee web server. The analysis was carried out with default parameters using a comparison of the Mafft, Clustal W, Muscle, and T-Coffee algorithms ([@msu329-B64]), and any ambiguous regions of the single gene alignments identified by the programs color coded system as bad or average were removed to optimize the alignment. An appropriate model of sequence evolution was chosen for each gene fragment using jModeltest ([@msu329-B72]) as selected by the AIC (see [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, for selected models). Preliminary gene trees for each gene fragment were generated in Beast v.1.7.2 ([@msu329-B22]). The Markov chain Monte Carlo (MCMC) chain was run for 10 million generations sampling every 1,000 generations. Tracer v1.5 ([@msu329-B76]) was used to check for convergence. Effective sample sizes values were all more than 200 for all parameters, suggesting the MCMC run was sufficient to obtain valid estimates of the parameters ([@msu329-B76]). The resulting trees were collated using TreeAnnotator v1.7.2 ([@msu329-B22]) with 10% discarded as burn-in to obtain a single representative tree for each gene fragment.

To examine differences between different data types (exons vs. introns), single gene fragments were divided by data type and concatenated to form distinct data sets for further analysis: 1) exons, 2) introns, and 3) exons+introns. Preliminary analysis revealed topological incongruence between intron and exon data. Topological incongruence may be due to factors such as incomplete lineage sorting, hybridization, or different mutation rates, therefore it is optimal to identify these data and remove them to assess the true evolutionary signal in a data set ([@msu329-B17]). Given that our data comprised of introns and exons, which evolve at differential rates, we performed a search for outlying data using Phylo-MCOA ([@msu329-B17]) with default settings on individual gene trees to resolve the topological incongruence observed between exon and intron data in preliminary analysis. A small number of sequences (0.67%; 5/741; [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) were identified as outlying data and were removed to optimize each single gene alignment. jModeltest was rerun as before for each gene fragment to obtain an appropriate model of sequence evolution, there was no change from previous results ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). To evaluate the effect of removing outliers, we analyzed our data with and without outliers resulting in a total of six data sets for further phylogenetic analysis: 1) exons, 2) introns, 3) exons+introns, 4) exons--outliers removed, 5) introns--outliers removed, and 6) exons+introns--outliers removed. The steps taken to optimize the alignment of each data set were then evaluated using the GUIDANCE web server ([@msu329-B69]), which reported that each position of our alignments were confidently aligned with regard to tree uncertainty. A comparison of the observed change in posteriors obtained from BEAST runs for exon+intron and exon+intron-outliers removed data sets was used to evaluate the effect of removing outliers.

Phylogenetic Analysis
---------------------

Phylogenetic analysis was carried out using RAxML ([@msu329-B100]) for ML and BEAST v1.7.2. ([@msu329-B22]), MrBayes 3.2.1 ([@msu329-B82]), and PhyloBayes 3.3 incorporating the CAT model ([@msu329-B47]) for Bayesian analysis. The RAxML analysis was carried out via the RAxMLgui v.0.95 ([@msu329-B92]) using the thorough bootstrap method with 500 replicates. The analysis used a partitioned model in which each gene was allowed its own model of sequence evolution. The analysis carried out in BEAST was as described above for single gene trees. BEAST employs a single Markov chain in its analysis, whereas MrBayes uses two independent chains. To highlight any differences or avoid shortcomings in either program arising from these different tree-searching methods, we used both programs as representatives of Bayesian Analysis. The MrBayes analysis was carried out under default settings, and the resulting run was analyzed as above for single-gene trees generated using BEAST. Bayesian analysis was also carried out in PhyloBayes to implement the CAT model of site rate heterogeneity, which is not yet implemented in BEAST or MrBayes. The mixture model options in PhyloBayes for nucleotide data are restricted to variants of either a general time reversible (GTR) or Poisson process of sequence evolution. For this analysis, the more complicated GTR was chosen in combination with the CAT model and a Dirichlet process to describe rate variation across sites. Two simultaneous MCMC chains were run, sampling and checking for convergence every 100 generations. This was done by automatically discarding 20% of the trees from each independent run and comparing, every 100 generations, the resulting 50% majority rule consensus trees until the observed maximum difference in split frequencies between the two chains converged on a value of less than 0.1. To assess further the convergence of the run, the analysis was repeated three times, resulting in the same topology.

To determine the position of *Anthops* within our tree, a separate analysis was carried out on a subset of data, comprising only Hipposideridae species. The analysis was constrained to include only Hipposideridae species as it was important to maximize the number of confidently aligned positions available in this reduced intron data set to accurately determine the position of *Anthops*. Each gene fragment was aligned separately using T-Coffee ([@msu329-B64]), all resulting ambiguous alignment regions were removed, and fragments were subsequently concatenated. jModeltest was used to determine the most appropriate model of sequence evolution for the concatenated alignment and AIC indicated a TVM + G model was best. Bayesian analysis was carried out in BEAST and analyzed as above. As TVM + G is not directly implemented in BEAST, our analysis was run under the next most complicated model GTR+G.

Alternative Topology Tests
--------------------------

The KH, SH, AU, and a number of their weighted variants were used to test the statistical significance of a number of competing phylogenetic hypotheses arising from our data and in the literature (see [table 2](#msu329-T2){ref-type="table"} for description of competing hypotheses). The log likelihood of each tree was calculated in Tree Puzzle 5.2 ([@msu329-B85]), and KH, SH, and AU tests were implemented in Consel ([@msu329-B88]) using the RELL bootstrap method with a significance limit of *α* = 0.05. Tests were performed using approximate parameter settings under a GTR model of sequence evolution.

Molecular Dating Analysis
-------------------------

The molecular dating analysis was carried out using the MCMCTREE program in PAML ([@msu329-B119]). The analysis was carried out on the exon+intron data set-outliers removed, as this represents the most optimized combined data set. MCMCTREE requires a completely bifurcating tree, and as such, the analysis was carried out on the tree resulting from the Bayesian analysis with BEAST from the same data set, because other trees contained polytomies. The analysis was run under the HKY85 model of sequence evolution, the most comprehensive model available in PAML. Analysis was carried out using both the independent and correlated rates models. The root age was set to 64--65 Ma following consistent recovery in the following articles: [@msu329-B23], [@msu329-B111], and [@msu329-B60]. The chain was run for 20,000 generations sampling every second generation, with 10% of the resulting trees discarded as burn-in. The analysis was repeated three times to check for convergence.

Maximum and minimum soft-bound calibrations were applied at four major nodes across the tree to constrain the analysis (described below). The oldest fossil ascribed to each lineage provided the minimum bound for the fossil calibration. Maximum bounds on fossil calibrations were calculated as two stage ages lower than the stage age containing the oldest representative fossil as described by [@msu329-B58]. Geological stages ages were taken from [@msu329-B27] and rounded to the nearest whole number to facilitate analysis. The analyses were also repeated with stage ages as defined by the International Commission on Stratigraphy ([@msu329-B13]).

1.  The base of the Rhinolophoidea was constrained following [@msu329-B111], which placed the maximum age of this group at the Paleocene-Eocene boundary, 56 Ma, as there are no early Eocene fossils for this group.

2.  *Hipposideros* first appears in the fossil record in the Bartonian ([@msu329-B24]), which gives a minimum bound of 37 Ma. Stratigraphic bounding provided a maximum bound of 56 Ma. This constraint was applied to the split between the Rhinolophidae and Hipposideridae.

3.  *Rhinonicteris* first appears in the fossil record in the Burdigalian ([@msu329-B24]), which gives a minimum bound of 16 Ma. Stratigraphic bounding provided a maximum bound of 34 Ma. This constraint was applied to the split between *Rhinon. aurantia* and *Paratriaenops* spp*.*

4.  *Saharaderma* first appears in the fossil record in the Priabonian ([@msu329-B24]), which gives a minimum bound of 34 Ma. *Saharaderma* is preferred to *Necromantis* as its phylogenetic affinities with megadermatids are less disputed following [@msu329-B58]. Stratigraphic bounding provided a maximum bound of 49 Ma. This constraint was applied to the split between Craseonycteridae and Megadermatidae.

Biogeographic Analysis
----------------------

Biogeographic analysis was carried out using the ML method implemented in Lagrange ([@msu329-B78]). Distribution data were gathered for all taxa in the tree from Bat Distribution Viewer (Polish Academy of Sciences, <http://gis.miiz.waw.pl/webapps/thebats/iucn/>, last accessed October 1, 2014) except for *Rhinopoma hardwickii*, which has recently been split into two species ([table 1](#msu329-T1){ref-type="table"}), whose distribution was recalculated in line with this revision ([@msu329-B37]). Distributions for all species were coded as eight possible areas: A) Europe, B) South America, C) South East Asia, D) India, E) Middle East, F) East Asia, G) Australia, and H) Africa (including Madagascar). Reconstructions were performed on the tree arising from the BEAST analysis of the exon+intron-outliers removed data set. The maximum number of areas allowed in the reconstruction was set to two. Implausible geographic ranges, for example, a range where a single species is reconstructed as being present only in two disparate coding areas such as South America and India were removed from the analysis. All other parameters were run as default.

Diversification Analysis
------------------------

To facilitate our comparative analysis of diversification rate in the speciose genera *Rhinolophus* and *Hipposideros*, faster evolving mitochondrial markers *Cyt b* and *Cox1* were used to enable species level differentiation. To explore if the rate of diversification was marker specific, all available *Cyt b* and *Cox1* sequences for *Rhinolophus* and *Hipposideros* species were downloaded from GenBank (April 30, 2013). Four data sets were prepared for the diversification analysis: 1) *Rhinolophus*---*Cyt b*; 2) *Rhinolophus*---*Cox1*; 3) *Hipposideros*---*Cyt b*, and 4) *Hipposideros*---*Cox1*. The four data sets were subsequently aligned using MAFFT v.7 alignment server ([@msu329-B41]). Sequences with 100% identity were identified and removed using CD-HIT server ([@msu329-B36]). Because of the high number of sequences of conspecifics, sequences with 97.5% sequence identity or above were removed from the data set in an attempt to keep only one sequence per species; 97.5% was used as the cutoff as low intraspecific mtDNA sequence divergence between 1% and 2.5% have been generally reported for bats ([@msu329-B18]). Data sets were then visually inspected to remove misidentified sequences and trimmed leaving one outgroup species. jModeltest was used to identify the most appropriate model of sequence evolution for each data set using the AIC, which resulted in the selection of GTR+I+G variants for all data sets. Gene trees for each gene fragment were generated in BEAST ([@msu329-B22]) using the same parameters as previously described. LTT plots were constructed for each data set and compared in R 2.5.2 ([@msu329-B75]) using the APE package ([@msu329-B66]). A nonparametric K-S statistical test was implemented in R 2.5.2 to detect significant difference between the rates of diversification inferred from the LTT plots of the *Rhinolophus* and *Hipposideros* genera.

Performance Evaluation: Differential Resolving Power of Intron and Exon Data?
-----------------------------------------------------------------------------

To test whether exons perform better at resolving older nodes and if introns are better at resolving younger nodes, we compared the relationship between PP and height (referred to as node height and is defined as the average height of the clade across all trees in a BEAST run that support that clade) for intron and exon data sets. This analysis was carried out using the results of BEAST runs from analysis of the "exons -- outliers removed\" and "introns -- outliers removed\" data sets. It was not possible to compare directly the two outliers removed data sets (exons vs. introns) as the exon alignment was approximately three times larger (∼7,000 bp vs. ∼2,500 bp), hence it would be expected that the exons should have more resolving power simply because there are more data. To overcome this, positions from the concatenated exon alignment were jack-knifed to form ten random exon data sets of 2,532 bp using custom R scripts. For each of the ten random exon data sets, jmodeltest indicated GTR+I+G was the best model. Each data set was analyzed in BEAST as described previously. We tested whether node height was related to PP using a general linear model with a binomial function and logit link. Differences in posterior probabilities for the same node between exons (average over the ten subsets) and introns were then tested in R using an asymptotic Wilcoxon Mann--Whitney rank sum test ([@msu329-B35]). To investigate whether the results were specific to the jack-knifed data sets, we repeated the analysis using gene fragments. To obtain size comparable data sets, ten random combinations of four exon gene fragments (min: 2,499 bp, max: 2,564 bp, average: 2,532 bp) were generated for comparison to the intron data set ([supplementary table S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). jModeltest indicated GTR+I+G was the best model for these data sets.

Supplementary Material
======================
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